In this paper, we study the aerodynamic interactions between the contralateral wings and between the body and wings of a model insect, when the insect is hovering and has various translational and rotational motions, using the method numerically solving the Navier-Stokes equations over moving overset grids. The aerodynamic interactional effects are identified by comparing the results of a complete model insect, the corresponding wing pair, single wing and body without the wings. Horizontal, vertical and lateral translations and roll, pitch and yaw rotations at small speeds are considered. The results indicate that for the motions considered, both the interaction between the contralateral wings and the interaction between the body and wings are weak. The changes in the forces and moments of a wing due to the contralateral wing interaction, of the wings due to the presence of the body, and of the body due to the presence of the wings are generally less than 4.5%. Results show that aerodynamic forces of wings and body can be measured or computed separately in the analysis of flight stability and control of hovering insects.
Introduction1
In the last twenty years, many studies have been conducted on the aerodynamics of flapping insect wings using experimental and computational methods, and considerable understanding of the aerodynamic force generation mechanisms has been achieved [1] [2] [3] [4] [5] [6] [7] [8] . In these studies, a single model wing or a model wing pair were employed and aerodynamic interactions between the contralateral wings or between the body and the wings were not considered. Recently, Aono, et al. [9] investigated the aerodynamic interaction between *Corresponding author. Tel.: +86-10-82339773.
E-mail address: m.sun@263.net Foundation items: National Natural Science Foundation of China (10732030); "111" Project (B07009) 1000-9361 © 2011 Elsevier Ltd. doi: 10.1016/S1000-9361(11)60047-2 the body and wings, and Yu, et al. [10] investigated the aerodynamic interactions between the contralateral wings and between the body and wings, using the method of computational fluid dynamics (CFD). They mainly considered the case of hover flight. Their results showed that the interactions between the contralateral wings and that between the body and wings were both very weak: changes in aerodynamic forces of a wing due to the presence of the other wing were less than 3% and changes in aerodynamic forces of the wings due to presence of the body less than 2%.
These results [9] [10] mean that the aerodynamic forces on a hovering insect can be estimated with reasonably good accuracy by computing or measuring the aerodynamic forces on each wing and the body separately. This would greatly simplify the experimental and computational processes. Recently, with the current understanding of the aerodynamic force generation mechanisms, researchers are beginning to study the dynamic stability and control of insect flight [11] [12] [13] [14] [15] . It is rather difficult to conduct experiment on real insects to study flight stability and control problems. It is difficult to measure the passive aerodynamic derivatives using a real insect, because experiments using real insects necessarily include some control responses [14] . Therefore, experimental and computational models are mainly used in the current studies on the flight stability and control problems [12] [13] [14] [15] . If the aerodynamic forces and moments on each wing and the body can be computed or measured separately, the aerodynamic modelling in the models could be made simpler. In the studies of Aono, et al. [9] and Yu, et al. [10] , hover flight was mainly investigated. In the study of flight stability and control problems, a model insect would have small (perturbed) translational and rotational motions in all directions. In these cases, what are the aerodynamic interactions between contralateral wings and between the body and wings like? When there are lateral motions, e.g. side translation or yaw rotation, one of the wings may be in the wake of the other wing. In these cases, are the aerodynamic interactions still very small? Moreover, in the studies of Aono, et al. [9] and Yu, et al. [10] , data on aerodynamic moments were not provided.
The present paper addresses these problems by numerically simulating the flows of a complete model insect and of the correponding wing pair, single wing and body without the wings, when the model insect has various translational and rotational motions of small speed. Because of the unique feature of the flow problem, i.e. there are three bodies (the insect body, the left and right wings) and they are in relative motion, the approach of solving the flow equations over moving overset grids is used.
Methods

Model insect and wing motion
The model insect (a model fruitfly) used in the present study consists of a body and a pair of wings. The model insect and portions of computational grids are shown in Fig. 1 . The body of the model insect is idealized as a body of revolution; the outline of the idealized body is approximately the same as that of a fruit- fly [16] . The model wings are flat plates with rounded leading and trailing edges. The thickness of the plate is 3% c ( c is the mean chord length of wing) and the leading or trailing edge radius is 1.5% c . The platform of the model wings is similar to that of a fruitfly [16] . The radius r 2 of the second moment of wing area is 0.635R (R is the wing length). The distance between the left and right wing-roots is 1.0 c .
On the basis of the available data of free-flying insects [17] [18] , the flapping motion of the wing can be approximated as follows. A wing flaps in a plane called stroke plane. Definitions of wing kinematics and the reference frames are shown in Fig. 2 . In Fig. 2(a) : (x e , y e , z e ), a frame fixed on the earth; (x b , y b , z b ), a frame fixed on the insect body with its origin at the center of mass of the body; at hovering, x b O b y b plane is horizontal and x b -axis points backwards and y b in the right side direction; (x, y, z), a frame parallel to the (x b , y b , z b ) frame, but with its origin at the wing-root. The flapping motion of the wing consists of two parts, the azimuthal rotation and the flip rotation (rotation around an axis along the wing). The time variation of the positional angle (see Fig. 2(b) ) of the wing is approximated by the simple harmonic function 0.5 cos (2 ) nt
where n is the wingbeat frequency, t the time, the mean stroke angle and the stroke amplitude. The angle of attack of the wing takes a constant value during the downstroke or upstroke translation (the constant value is denoted by d for the downstroke translation and u for the upstroke translation; d and u are called mid-stroke angle of attack); around stroke reversal, the wing flips and changes with time, also according to the simple harmonic function. The function representing the time variation of during the supination at mth cycle is
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(2) where t r is the time duration of wing rotation during the stroke reversal and a is a constant. The expression of the pronation can be written in the same way. It is assumed that the axis of the pitching rotation is located at 0.3 c from the leading edge of the wing.
From Eqs. (1)- (4), it is seen that to prescribe the flapping motion, , n, , t r , d and u need to be given. When Eqs. (1)- (2) are non-dimensionalized using U, c and c /U as the reference velocity, length and time, respectively (U is the mean flapping velocity, defined as U =2 nr 2 ), non-dimensional parameters that prescribe the flapping motion of the wing are , , * r t (non-dimensional time duration of wing rotation, non-dimensionalized by c /U ), d and u . To prescribe the orientation of the insect body, the body angle (see Fig. 2 (b)) needs to be given. As can be seen below, the only non-dimensional parameter appearing in the Navier-Stokes equations is the Reynolds number. In the present study, typical values of , , d u , and Re based on insect flight data are used.
Navier-Stokes equations and solution process
The non-dimensionalized incompressible unsteady Navier-Stokes equations, written in the inertial coordinate system (x e , y e , z e ) (see Fig. 2(a) ), are as follows:
where u is the non-dimensional fluid velocity, p the non-dimensional fluid pressure, the non-dimensional time, the gradient operation, 2 the Laplacian operator and Re the Reynolds number (Re=U c / , where is the kinematic viscosity of the air). The solution method used in the present study is the same as those used in Refs. [19] - [20] . Only an outline of the method is given here. Eqs. (5)-(6) are numerically solved using moving overset grids. The algorithm was first developed by Rogers, et al. [21] [22] for single-grid, which was based on the method of artificial compressibility and was extended by Rogers, et al. [23] to overset grids. The time derivatives of the momentum equations are differentiated using a second-order, three-point backward difference formula. The derivatives of the viscous fluxes in the momentum equation are approximated using second-order central differences. For the derivatives of convective fluxes, upwind differencing based on the flux-difference splitting technique is used. A third-order upwind differencing is used at the interior points and a second-order upwind differencing is used at points next to boundaries. With overset grids (see Fig. 1 ), for each wing or the body there is a body-fitted curvilinear grid, which extends a relatively short distance from the wing or body surface, and in addition, there is a background Cartesian grid, which extends to the far field boundary of the domain. The solution method for single-grid is applied to each of these grids; data are interpolated from one grid to another at the inter-grid boundary points. For far field boundary conditions, at the inflow boundary, the velocity components are specified as freestream conditions while pressure is extrapolated from the interior; at the outflow boundary, pressure is set equal to the freestream static pressure and the velocity is extrapolated from the interior. On the wing surfaces, impermeable wall and no-slip boundary conditions are applied, and the pressure on the boundary is obtained through the normal component of the momentum equation written in the moving coordinate system. Details of the solution method can be found in Refs. [19] - [20] .
In the present study, the wing grid has 77 35 32 dimensions around the wing, in the spanwise direction and in the normal direction, respectively; the body grid has 101 67 40 dimensions along the body, in the azimuthal direction and in the normal direction, respectively; the background grid has 113 113 113 dimensions in the x e , y e and z e directions, respectively. Grid points of the background grid concentrate on the near field of the wings and the body where background grid density is approximately the same as that of the outer part of the wing grid and also the same as that of the outer part of the body grid. The time step value is 0.02. On the basis of the grid resolution (and time step size) studies in Refs. [19] - [20] , it is believed that the above grid and the time step value are suitable for the present study. Portions of the grid system are shown in Fig. 1 .
Once the Navier-Stokes equations are numerically solved, the fluid velocity components and pressure at discrete grid points for each time step are available. The aerodynamic force acting on the wing is contributed by the pressure and the viscous stress on the wing surface. Integrating the pressure and the viscous stress over the wing surface (or body surface) at a time step gives the total aerodynamic force acting on the wing (or on the body) at the corresponding time instant. The lift of the wing, L, is the component of the total aerodynamic force of the wing that is perpendicular to the stroke plane; the drag of the wing, D, is the component in the stroke plane and perpendicular to the wing span. 
Test of flow solver
The moving overset grid solver was developed by Sun, et al. [19] [20] . It was tested by comparison with the analytical solution of the starting flow around a sphere and with the measured forces on a flapping model fruitfly wing [19] . Recently, Sun, et al. [20] further tested the solver by comparing the computed force with the measured one of an airfoil pair in fling motion. Since the fling motion involves the interaction between two airfoils in close proximity, this test is very relevant to the present study.
Results and Discussion
We investigated the aerodynamic interactions between contralateral wings and between the body and wings of the model insect, when the insect performs various translational and rotational motions at small speed. Typical values of wing flapping parameters are used: Re=200, =110 , =5 , d (and u )=40 , =60 .
Hovering
We first consider the hover flight. Fig. 3 shows the time courses of the lift, drag and moment coefficients of a wing in one wingbeat cycle, for the cases of single wing, wing pair and wing pair plus body. For a clear description of the time courses of the forces, we ex- press the time during a cycle as a non-dimensional parameter, t , such that t = 0 at the start of a downstroke, and t =1 at the end of the subsequent upstroke. A small difference is seen between the results of the single wing and the wing pair, and there is almost no difference between the results of wing pair and wing pair plus body. The mean force and moment coefficients (denoted as ,
m z C respectively) are given in Table 1 . Comparing the results of the single wing with that of the wing pair shows that the magnitudes of change in the mean forces and moments due to the contralateral wing interaction are less than 3%. Comparing the results of the wing pair with that of wing pair plus body shows that the magnitudes of change in the mean forces and moments due to the wing/body interaction are less than 1.5%. These results show that the aerodynamic interactions between the contralateral wings and between the body and wings are very weak. The weak interactions can be explained as follows. Fig. 4 gives the iso-vorticity surface plots of the flow (in the plots, the magnitude of the non-dimensional vorticity is 1). In a downstroke or upstroke, a ringlike vortex structure is produced by each wing, which is called vortex ring in this paper (a flapping wing producing a vortex ring in each downstroke or upstroke is expected from the basic laws of vorticity dynamics). It is well known that a vortex ring induces a jet-like flow through the ring but the induced velocity outside the ring is very small. The vortex rings of the left and right wings are on the two sides of the body. That is, one wing is outside vortex ring of the other wing and the body is outside the vortex rings of the left and right wings. Thus the wake of one wing could produce very little induced velocity on the other wing or on the insect body. This can be clearly seen in Fig. 5 , which shows the flow field produced by the single wing (velocity-vectors and streamlines in a vertical plane passing the two wing-roots): a jet-like flow is seen going through the vortex ring of the wing, but the induced velocity outside the ring is very small. This explains why the interactions between the wings and the body are very small. 
Translational motions
Here we investigate the aerodynamic interactions when the model insect performs translational motions: forward and backward, upward and downward, and lateral translations. The translation speed at each direction is set as 0.15U (as mentioned above, U is the mean flapping velocity; in flight stability and stabilization control analyses, the perturbation speed is less than 0.15U, see Ref. [12] and Ref. [14] ).
(1) Forward and backward translations Fig. 6 shows the time courses of the lift, drag and moment coefficients of a wing in one wingbeat cycle when the model insect conducts forward translation (results of backward translation are similar). The mean force and moment coefficients for both the forward and backward translations are given in Table 2 . Similar to the case of hover flight, only a very small difference is seen between the results of the single wing and the wing pair and between the results of wing pair and wing pair plus body: the magnitudes of change in the mean forces and moments caused by the contralateral wing interaction and those caused by the wing/body interaction are less than 3%. The weak interactions can be explained in the same way as in the case of hover flight: one wing is outside vortex ring of the other wing and the body is outside the vortex rings of the left and right wings; thus the wake of one wing could produce very little induced velocity on the other wing or on the insect body.
(2) Upward and downward translations Fig. 7(a) shows the time courses of the lift, drag and moment coefficients of a wing in one wingbeat cycle when the model insect conducts upward translation and Fig. 7(b) shows the corresponding results for downward translation. The mean lift, drag and moment coefficients for both the upward and downward translations are given in Table 3 . Similar to the cases of hover flight and forward/backward flight, only a very small difference is seen between the results of the single wing and the wing pair and between the results of wing pair and wing pair plus body: the magnitudes of Fig.7 Time courses of lift, drag and moment coefficients of wing (upward/downward translation at 0.15U ). change in the mean lift and mean drag caused by the contralateral wing interaction and those caused by the wing/body interaction are less than 4.5%. The weak interactions can be explained in the same way as in the cases of hover flight and forward/backward flight. (3) Lateral translations Let us first consider the case of the insect moving towards its right side. Fig. 8(a) shows the time courses of the lift and drag coefficients of the left wing in one wingbeat cycle and Fig. 8(b) shows the corresponding results of the right wing. The corresponding mean lift and drag coefficients are given in Table 4 . For the right wing (see Fig. 8(b) and Table 4 ), a very small difference is seen between the results of the single wing and the wing pair and between the results of wing pair and wing pair plus body; but for the left wing (see Fig. 8 (a) and Table 4 ), the difference between the results of the single wing and the wing pair is relatively significant. For example, for the right wing, the magnitude of change in L C due to the contralateral wing interaction is 1.5%, but for the left wing, the number is 7.4%, relatively larger.
Let us try to explain why in this case the aerodynamic effect on the left wing by the right wing is relatively large. Fig. 9 gives the iso-vorticity surface plots of the vortex wakes of the wings and body at the end of downstroke. Comparing the vortex wakes in Fig. 9 with that of hover flight (see Fig. 4 ), it is observed that the wakes are moved to the left by a small distance relative to the insect body (due to the right-side translation of the insect). That is, the left wing is a little closer to the wake of the right wing, hence is affected a little more by the right wing than in the case of hover flight, resulting in the relatively large aerodynamic effect. This can also be seen from flow field plots. Fig. 10 shows the flow field produced by the single right wing when the insect has right-side translation. Comparing the flow field plot in Fig. 10 with that of hover flight (see Fig. 5 ), it is seen that in the region where the left wing moves, the downwash velocity produced by the right wing is larger in Fig. 10 than in Fig. 5 .
For the case of the insect moving towards its left side, it is obvious that results opposite to the above would be obtained for the left and right wings. 
Rotational motions
Here we consider the cases of the model insect performing roll, pitch and yaw rotations (rotations about x b -axis, y b -axis and z b -axis, respectively, see Fig. 2 ). The rotational speed at each direction is set as 0.03U/ c . In flight stability and stabilization control analyses, the perturbation rotational speed is less than 0.03U/ c (see Ref. [12] and Ref. [14] ).
(1) Roll rotation Let us consider the case of the insect rolling to its right side. Fig. 11(a) shows the time courses of the lift, drag and moment coefficients of the left wing in one wingbeat cycle, and Fig. 11(b) shows the corresponding results of the right wing. The mean force and moment coefficients for the wings are given in Table 5 . For the left wing (see Fig. 11(a) and Table 5 ), only small differences are seen between the results of the single wing and the wing pair and between the results of wing pair and wing pair plus body, while for the right wing (see Fig. 11(b) and Table 5 ) the difference between the results of the single wing and the wing pair is a little larger. For the left wing, the magnitudes of change in the mean forces and moments caused by the contralateral wing interaction and those caused by the wing/ body interaction is less than 2%; while for the right wing, this number is 6%. The reason for this may be that because of the right-side rolling, the right wing moves downward and becomes a little more closer to the wake vortices of the left wing and the body. For the case of the insect rolling to its left side, it is obvious that results opposite to the above would be obtained for the left and right wings.
(2) Pitch rotation Fig. 12 shows the time courses of the lift, drag and moment coefficients of a wing in one wingbeat cycle when the model insect conducts pitch-up rotation (results for pitch-down rotation are similar). The mean force and moment coefficients for both the pitch-up and pitch-down rotations are given in Table 6 . Only a very small difference is seen between the results of the single wing and the wing pair and between the results of wing pair and wing pair plus body: the magnitudes of change in the mean lift and mean drag caused by the contralateral wing interaction and those caused by the wing/body interaction are less than 3.5%. Again, the weak interactions can be explained in the same way as in the cases of hover flight and forward/backward flight, i.e. one wing is outside vortex ring of the other wing and the body is outside the vortex rings of the left and right wings and hence the wake of one wing could produce very little induced velocity on the other wing or on the insect body. (3) Yaw rotation Let us consider the case of the insect yawing to its right side. Fig. 13(a) shows the time courses of the lift, drag and moment coefficients of the left wing in one wingbeat cycle, and Fig. 13(b) shows the corresponding results of the right wing. The mean force and moment coefficients for the wings are given in Table 7 . For both the left and right wings, there is only a small difference between the results of the single wing and the wing pair and between the results of wing pair and wing pair plus body: the magnitudes of change in the mean lift and mean drag caused by the contralateral Fig. 13 Time courses of lift, drag and moment coefficients of left and right wings (yawing to the right at 0.03U/ c ). wing interaction and those caused by the wing/body interaction are less than 3%. For the present case, one might expect that because of the yawing, one wing could be closer to the wake of the other than that in the case of hover flight and a relatively large interactional effect would exist. However, as seen in Fig. 13 and Table 7 , the interactional effect is weak. This may be explained as follows. The rate of yaw rotation is 0.03U/ c or 0.25 rad/wingbeat. In one wingbeat, the insect rotates by an angle of about 14 . As seen from the side view of the vortex wake (see Fig. 4 ), in one wingbeat, the wake (produced one wingbeat ago) moves down by a distance of almost one winglength. Thus, before a wing could move to be near to the wake of the other wing, the wake has already moved far downstream and could not have any effect on the wing.
Forces and moments on the body
In the above sections, for clarity, we only discuss the forces and moments on the wings. Here we look at the forces and moments on the body and examine how they are affected by the wing/body interaction. The mean force and moment coefficients of the body for both the cases of body with wing pair and body only are listed in Table 8 .
From Table 8 , the following observation can be made. Comparing the results of body with wing pair with that of body only, it is seen that for all the motions considered, the effect of the wings on the forces and moments of the body is very small: the magnitudes of change in the mean force and moment coefficients Table 8 caused by the wing/body interaction are less than 0.025. The mean lift coefficient of the model insect (body plus wing pair) is about 1.45. That is, the changes in the mean forces of the body caused by the wing/body interaction are less than 2% of the mean lift coefficient of the model insect.
The weak aerodynamic effect of the wings on the body can be explained as follows. In the case of hover flight, as observed in Figs. 4-5 , the body is outside the vortex rings of the left and right wings and hence the wake of the wings could produce very little induced velocity on the body, resulting in the weak aerodynamic effect. In the cases of translational and rotational motions, because the speed of the motions is low, the body is still outside the vortex rings of the left and right wings (e.g. see Fig. 9) ; again, the wake of the wings could produce very little induced velocity on the body, resulting in the weak aerodynamic effect.
Results at a higher Re
In the above sections, the Reynolds number is set as 200. Here, a higher Re (Re =1 800) is considered. As mentioned above, in the present study, reference velocity used for Re is the mean flapping velocity at the radius r 2 of second moment of wing area, thus Re=200 would represent the Reynolds number of relatively small insects, such as fruitflies and Re=1 800 would represent the Reynolds number of relatively large insects, such as hawkmoths and dragonflies. At this relatively high Reynolds number (Re =1 800), three cases are computed, hovering, lateral translation (moving to the right at speed 0.15U ) and roll rotation (rolling to the right at angular speed 0.03U/ c ). The reason we choose to compute the cases of lateral translation and roll rotation is that, as seen above (see Fig. 8 and Table  4 ; Fig. 11 and Table 5 ), these cases have relatively large wing/wing and wing/body effects.
The mean force and moment coefficients for the wings are given in Table 9 . At hovering, the magnitudes of change in the mean forces and moments due to the contralateral wing interaction are less than 3.5%, only slightly larger than that of the case of Re=200 (comparing the results in Table 9 with that in Table 1) .
At lateral translation, the magnitudes of change in the mean forces and moments caused by the contralateral wing interaction and those caused by the wing/body interaction are less than 7.5%, about the same as that of the case of Re=200 (comparing the results in Table 9 with that in Table 4 ). At roll rotation, the magnitudes of change in the mean forces and moments caused by the contralateral wing interaction and those caused by the wing/body interaction are less than 6.5%, again, about the same as that of the case of Re=200 (comparing the results in Table 9 with that in Table 5 ).
Some discussions on computing or measuring forces on each wing and body separately
In the study of flight stability and control problems of a hovering insect, the insect would have small perturbed motions: translational and rotational motions in all directions. If the aerodynamic forces and moments on each wing and the body can be computed or measured separately, the modeling for the stability and control studies could be made much simpler. Therefore, it is of interest to know how well the aerodynamic forces and moments obtained by computing or measuring separately from each wing and the body can represent that with wing/wing and wing/body interactions.
The above results show that changes in the mean forces and moments of a wing due to the contralateral wing interaction are generally less than 7% and changes in the mean forces and moments of the wings due to the presence of the body are less than 1.5%. These results are for the cases at translational speed 0.15U and rotational speed 0.25 rad/wingbeat. These are relatively high speeds. In reality, the perturbed translational and rotational speeds would be smaller, because an insect would suppress the disturbance motion by stabilization control before the disturbances grow obvious. Therefore, it is expected that the interaction effects would be even smaller. As a result, it can be said that using aerodynamic forces and moments obtained by computing or measuring separately from each wing and the body is a good approximation.
Conclusions
(1) The changes in the forces and moments of a wing due to the contralateral wing interaction generally are less than 4.5%, except for the cases of lateral translation and roll rotation; for these two cases, the numbers are 7.5% and 6.0% respectively.
(2) The changes in the forces and moments of the wings due to the presence of the body are less than 1.5%.
(3) The changes in the aerodynamic forces of the body due to the presence of the wings are less than 3.0% of the mean lift coefficient of the model insect.
(4) The reasons for the weak interactions are as follows. During each downstroke or upstroke, a wing produces a vortex ring, which induces a relatively large jet-like flow inside the ring but very small flow outside the ring. The vortex rings of the left and right wings are on the two sides of the body. Thus one wing is outside vortex ring of the other and the body is outside the vortex rings of the left and right wings, resulting in the weak interactions.
(5) In flight stability and control analysis of a hovering insect, using aerodynamic forces and moments obtained by computing or measuring separately from each wing and the body is a good approximation.
